The objectives of this study were, first, to determine the relationship between hepatic glucose release and milk production and, second, to determine the relationship between net hepatic uptake of gluconeogenic precursors and milk production. Nine multiparous ewes were individually penned and fed an alfalfa hay-based diet for ad libitum intake. Catheters were surgically placed in the portal vein, a branch of the hepatic vein, a mesenteric vein, and the abdominal aorta. Metabolite fluxes across the portal-drained viscera and liver were subsequently measured at 1, 3, 6, and 10 wk after parturition. Net hepatic glucose release, net hepatic lactate uptake, and net hepatic propionate uptake increased with increased milk production. Hepatic oxygen consumption increased with increased net hepatic glucose release. Net hepatic glucose release increased with increased hepatic propionate uptake and tended to increase with increases in metabolized amino acid and lactate uptakes. The observed increases in oxygen consumption by the portal-drained viscera with increased milk production were probably the result of increased nutrient flux. Increased hepatic oxygen consumption with increased milk production was probably due to increased glucose and urea synthesis. (
INTRODUCTION
During lactation, the metabolites that the mammary gland removes from the blood for milk synthesis are derived either from the diet or are synthesized by the female. As the level of milk production increases, the rates of absorption and synthesis must increase. In the lactating ewe, oxygen consumption by the portal-drained viscera ( PDV) and liver increases with increased milk production ( 6 ) , suggesting an increase in metabolic fluxes with increased milk production through these tissues. A primary adaptation to lactation is increased feed intake and increased nutrient flux across the gut. However, net release of glucose across the PDV is insufficient to provide adequate glucose for synthesis of lactose, fatty acids, and protein at the mammary gland. In the ewe, the liver is the primary source of blood glucose ( 1 ) . Glucose turnover rates increase with increased lactose yield ( 3 ) . Based on these observations, we propose that hepatic gluconeogenesis and the hepatic uptake of gluconeogenic precursors increase with increased milk production. The objectives of this study were, first, to determine the relationship between hepatic glucose release and milk production and, second, to determine the relationship between net hepatic uptake of gluconeogenic precursors and milk production.
MATERIALS AND METHODS

Ewe Management
Ewe management and sampling have been previously described ( 6 ) . In brief, nine polled Dorset ewes were individually penned. To ensure a range in milk production, dry ewes ( n = 2 ) and ewes nursing one ( n = 3 ) or two ( n = 4 ) lambs were used. Ewes weighed 84.0 ± 2.1 kg. The ewes were fed a pelleted diet for ad libitum intake [57% dehydrated alfalfa, 28% corn cobs, and 15% corn as fed; digestible energy content = 2.09 Mcal/kg of DM (5) 
Sample Protocol
The week after ewes lambed, sample collection began. On the day of sampling, ewes were transferred to a metabolism crate (0730 h). A priming dose (15 ml) of p-aminohippuric acid (0.15 M ) was given via the mesenteric vein, followed by a constant infusion (0.8 ml/min). Sixty minutes following the priming dose, blood samples were drawn into heparinized syringes (10 ml) from the aortic, portal venous, and hepatic venous catheters. Samples were collected at 40-min intervals for a total of seven sets of samples (aortic, portal venous, and hepatic venous). Additional samples were collected as just described at 3, 6, and 10 wk of lactation. Plasma was collected immediately following blood collection and frozen for subsequent analysis of p-aminohippuric acid, glucose, and insulin ( 8 ) . Plasma flow was calculated using an indicatordilution technique previously described (11) . Net fluxes of glucose and insulin were calculated by multiplying plasma flow by the concentration difference in the vessels (11) .
Fresh blood samples for a-amino N, ammonia, and urea N analysis were diluted 1:4 (vol/vol) with deionized water. Blood samples were then analyzed by automated procedures (Technicon Industrial Systems, Tarrytown, NY) as described by Eisemann and Nienaber ( 4 ) . L-Lactate concentrations were determined on fresh blood using a membrane-immobilized system involving lactate oxidase (EC 1.1.3.2; model 27; Yellow Springs Instrument Co., Inc., Yellow Springs, OH). Whole blood was frozen for VFA analysis. Samples were composited for each ewe within sample period and vessel. Volatile fatty acids were analyzed as described by Freetly and Ferrell ( 7 ) . Blood flow has been previously reported ( 6 ) . Net release of lactate, ammonia, a-amino N, urea N, and VFA was calculated by multiplying blood flow by the concentration difference in the vessels (11) . Negative release rates equaled positive uptakes. Amino acids metabolized by the liver were estimated by subtracting hepatic ammonia uptake from hepatic urea N release. This calculation provides an estimate of the maximum amount of amino acid available for gluconeogenesis; however, the calculation overestimates amino acids deaminated to the extent that N from sources other than ammonia are not accounted for and amino acids with two active a-amino N groups are accounted for twice.
Milk production was determined on the day of blood sampling. Before ewes were transferred to metabolism crates, the mammary gland was completely milked out by hand. Six hours later, the right half of the mammary gland was milked, and milk weight was determined. Milk production and composition have been previously reported ( 6 ) .
Experimental Analysis
The relationships between blood concentrations and net metabolite fluxes on milk production were initially tested with a quadratic model: f( x ) = b 2 x 2 + b 1 x + b 0 . With the exception of hepatic vein butyrate concentrations, none of the quadratic terms were significant ( P < 0.05), and the quadratic model was rejected. The final analyses were conducted with a linear model in which the response variables were regressed on milk production. The general model was f( x ) = b 1 x + b 0 , where x = grams of milk produced/h. Slopes ( b 1 ) and intercepts ( b 0 ) were considered different from 0 at P < 0.05. Regression analyses were performed using SAS GLM ( 1 5 ) procedures.
RESULTS
Plasma Flow
Similar to blood flow ( 6 ) , portal venous plasma flow and hepatic venous plasma flows increased with increased milk production ( Table 1) . Hepatic arterial blood flows increased with increased milk production ( 6 ) , but hepatic arterial plasma flow did not differ with milk production (Table 1) .
Insulin
Arterial insulin and portal insulin concentration tended to increase with level of milk production ( Ta-TABLE 2 . Relationship of plasma insulin to milk production of ewes. 1 1 f( x ) = b 1 x + b 0 , where x = milk production (range, 0 to 77.29 g/h). 2 Mean concentration and net release differed from 0 ( P < 0.05). ble 2). Hepatic insulin concentration increased with level of milk production ( Table 2 ). Net PDV insulin release increased with level of milk production ( Table  2 ). There was a net hepatic uptake of insulin, but the rate of uptake did not change with level of milk production ( Table 2 ). Net splanchnic insulin release tended to increase with increased milk production ( Table 2) .
Metabolites
Relationships between blood metabolite concentrations (millimolar) and milk production (gram per hour) are presented in Table 3 . Relationships between net metabolite release rates (millimoles per hour) across the PDV, liver, and splanchnic tissues and milk production are presented in Table 4 .
Arterial glucose, a-amino N, acetate, and propionate concentrations increased with increased milk production, and arterial butyrate and valerate concentrations tended to increase with increased milk production ( Table 3) . Portal vein glucose, a-amino N, isobutyrate, and isovalerate concentrations increased with increased milk production ( Table 3) . Hepatic vein glucose, a-amino N, and propionate concentrations increased with increased milk production ( Table  3) .
Net PDV release of glucose, lactate, ammonia, aamino N, urea N, acetate, propionate, isobutyrate, butyrate, isovalerate, and valerate were greater than 0 (Table 4) . Net hepatic release of glucose and urea N was greater than 0 (Table 4) , and net hepatic uptake of lactate, ammonia, a-amino N, propionate, isobutyrate, butyrate, isovalerate, and valerate were greater than 0 (Table 4) . Net PDV release of lactate, a-amino N, and propionate increased with increased milk production (Table 4) . Net hepatic release of glucose ( Figure 1 ) and urea N (Table 4 ) increased with increased milk production. Net hepatic uptake of lactate and propionate increased with increased milk production, and a-amino N uptake tended to increase (Table 4 ). Amino acids metabolized by the liver tended to increase with increased milk production [f( x ) = 0.122x -19.0; P < 0.07 and r 2 = 0.09]. Net splanchnic glucose, a-amino N, urea N, acetate, propionate, butyrate, and isovalerate release and net ammonia uptake were greater than 0 (Table 4) . Net splanchnic lactate, isobutyrate, and valerate release did not differ from 0 (Table 4) . Net splanchnic glucose and propionate release increased with increased milk production, and net a-amino N uptake decreased with increased milk production ( Table 4) .
Hepatic oxygen consumption increased with increased net hepatic glucose release (Figure 2 ). Hepatic oxygen consumption increased with increased net hepatic urea N release [f( x ) = 3.88x -153.6; P = 0.003 and r 2 = 0.24]. Net hepatic glucose release increased with increased hepatic propionate uptake and tended to increase with increases in metabolized amino acid and lactate uptakes (Table 5) .
DISCUSSION
Freetly and Ferrell ( 6 ) previously reported that oxygen consumption by both the PDV and liver increased with increased milk production. The increase in oxygen consumption by the PDV was proposed to have resulted partially from an increase in nutrient absorption across the PDV and the increase in oxygen consumption by the liver resulted from an increase in metabolite fluxes across the liver. Freetly and Ferrell ( 6 ) also reported that oxygen consumption by the PDV and milk production were positively related to digestible energy intake. In the current study, net PDV release of lactate, a-amino N, and propionate increased with increased milk production, suggesting TABLE 3 . Relationship of metabolite concentration in the arterial, portal vein, and hepatic vein to milk production of ewes. 1 1 Concentration (millimoles per liter) = f( x ) = b 1 x + b 0 , where x = milk production (range, 0 to 77.2 g/h). 2 Mean concentration differed from 0 ( P < 0.05). that nutrient absorption increased with increased milk production. With the exception of urea N, there was a net PDV release of the other measured nutrients, and, in most cases, with the exception of isobutyrate and isovalerate, the slopes were positively related to milk production, even though they did not differ from 0. There was a net uptake of urea N by the PDV, suggesting that N was recycled; however, this net uptake did not change with level of milk production, suggesting that the rate of recycling to the PDV remained constant.
A model of mammary gland metabolism in the lactating cow ( 1 0 ) that summarized available data on net nutrient uptake by the mammary gland predicted a net uptake of glucose, lactate, amino acids, triacylglycerol, and acetate. This model suggests that as milk production increases, glucose uptake by the mammary gland for synthesis of lactose, fatty acids, and protein increases. This predicted uptake is consistent with the findings of Kronfeld et al.
( 1 3 ) who reported a positive correlation ( r = 0.93) between mammary glucose uptake and milk produc-TABLE 4. Relationship of net metabolite release across the portal-drained viscera (PDV) and liver to milk production of ewes. 1 1 Release rates (millimoles per hour) = f( x ) = b 1 x + b 0 , where x = milk production (range, 0 to 77.2 g/h). 2 Mean net release differed from 0 ( P < 0.05) unless denoted with an asterisk. ( 1 6 ) suggest that net hepatic glucose release will increase with increased milk production. In the current study, lactose concentration in milk remained unchanged with increasing milk production; therefore, lactose yield increased with increased milk production ( 6 ) . In this study, net hepatic glucose release increased linearly with increased milk production. Across all levels of milk production, the increase in hepatic glucose release above 0 milk production exceeded the glucose equivalents in milk lactose. For example, at 77.2 g/h of milk production, we estimate the glucose equivalents in milk lactose to be 25.6
mmol/h ( 6 ) and the increase in hepatic glucose release above zero milk production to be 31.1 mmol/h. Radiotracer studies have identified amino acids ( aamino N), propionate, and lactate as potential glucose precursors at the liver in sheep ( 1 4 ) and lactating cows (12) . In this study, net uptake of these gluconeogenic precursors increased with increased milk production. Based on stoichiometries of amino acid degradation, an increase in urea N release occurs if amino acid usage for gluconeogenesis increases. This increase in urea N release was observed in this study. If we assume three carbons per metabolized amino acid, we can predict the maximum contribution of amino acids to gluconeogenesis by calculating the carbon ratio between amino acid metabolized and glucose released. The molar carbon ratio decreased from 0.28 at zero milk production to 0.20 at a milk production of 77.2 g/h. These carbon ratios are within the 0.13 to 0.32 range reported by Bergman and Heitmann ( 2 ) for fed sheep.
In the pregnant ewe, net hepatic lactate uptake increases as the pregnancy progresses, and, by late pregnancy, net hepatic uptake exceeds net PDV release, suggesting that lactate is being released by the peripheral tissues ( 7 ) . This result is consistent with the findings of Van der Walt et al. (16) , who showed that lactate release by the peripheral tissues exceeds that of the PDV during pregnancy. Simultaneously solving the equations for PDV lactate release and hepatic uptake, we estimate that net hepatic uptake exceeds net PDV release at milk productions above 45.9 g/h. These higher milk productions typically occur in early lactation, suggesting that the peripheral tissues continue to release lactate in early lactation, but their contribution to lactate turnover decreases with time as milk production decreases. Elevated lactate release from peripheral tissue may be the result of increased entry rate of glucose into muscle and adipose tissue. Both glucose turnover rate and arterial glucose concentration increase with increased milk production. The increase in glucose concentration combined with the increase in PDV insulin release may facilitate glucose uptake by peripheral tissues as milk production increases. Van der Walt et al. ( 1 6 ) found that PDV release of lactate exceeded peripheral release during lactation. Our study suggests that the relative contributions of the PDV and peripheral tissues to lactate turnover is a function of the amount of milk produced rather than the physiological state of being in lactation. The molar carbon ratio between hepatic lactate uptake and glucose release increases from 0.08 at zero milk production to 0.16 at a milk production of 77.2 g/h. This study and that of Van der Walt et al. ( 1 6 ) both predict that the molar carbon ratio between lactate uptake and glucose release is 0.16 when milk production is standardized (55.8 g/h) for the net hepatic glucose production observed in the study of Van der Walt et al. (16) . The molar carbon ratio represents the maximum contribution that lactate can make to gluconeogenesis, but the isotope work of Van der Walt et al. ( 1 6 ) suggests that the actual contribution is closer to 0.07 in the lactating ewe.
Across levels of milk production, PDV release of propionate exceeded hepatic uptake; however, hepatic uptake was about 92% of the PDV release rate across levels of milk production. The molar carbon ratio between propionate uptake and glucose release decreased from 0.48 when milk production was 0 g/h to 0.38 when milk production was 77.2 g/h. In this study, the combined maximum contribution of metabolized amino acids, lactate, isobutyrate, valerate, and propionate for gluconeogenesis was 0.87 when milk production was 0 g/h and 0.76 when milk production was 77.2 g/h. The net splanchnic releases of lactate, isobutyrate, and valerate did not differ from 0, suggesting that their relative contribution to glucose synthesis is a function of PDV release. Net splanchnic propionate release increased with increased milk production; however, the hepatic uptake remained a relatively constant proportion of the PDV release (93.5 to 91.6%) across the range of milk productions, suggesting that its relative contribution to glucose synthesis is a function of PDV release.
Amino acids can either be metabolized by the liver or released and made available to peripheral tissues. As milk production increased, there tended to be an increase in the amino acids metabolized by the liver as well as an increase in the amino acids released by the splanchnic tissues. The ratio between the two processes differed with level of milk production. In ewes milking 20 g/h, the rate that amino acids were metabolized by the liver was greater (21.4 mmol/h) than the release rate from splanchnic tissues (2.6 mmol/h), but in the ewe milking 77.2 g/h, the rate that amino acids were metabolized by the liver (28.4 mmol/h) was similar to the release rate by splanchnic tissues (29.8 mmol/h). In the pregnant ewe, amino acids required for fetal development are relatively low compared with amino acids required for milk production. Consistent with this reduced need for amino acids, the net release of a-amino N from splanchnic tissues is typically not different from 0, except in ewes with twins in late pregnancy ( 7 ) .
These data suggest that amino acid metabolism at the liver is a function of amino acid requirements of peripheral tissues as well as glucose requirements of peripheral tissues. A number of mechanisms may contribute to the altered rate of amino acid flux across the liver. These include the mass of amino acids presented to the liver, demand for alternative metabolites such as glucose, and hormonal regulation.
Additional carbon will be available for gluconeogenesis from a-glycerol. The a-glycerol orginates from the uptake of free glycerol and from triacylglycerol.
The current study suggests a strong linear relationship between hepatic oxygen consumption and net hepatic glucose release (Figure 2 ). The increase in oxygen consumption with increased glucose release may be a function of a number of factors that require the generation of high energy phosphate bonds. Two biosynthetic processes associated with the increase in oxygen consumption with increased net glucose release probably include gluconeogenesis and urea synthesis. Because little glucose is taken up by the liver (16) , increased glucose release is probably the result of an increase in gluconeogenesis. Urea synthesis increases as a result of an increase in ammonia uptake and an increase in amino acids used as gluconeogenic precursors.
CONCLUSIONS
The increased oxygen consumption by the PDV with increased milk production probably results from an increase in nutrient flux across the PDV. Increases in hepatic oxygen consumption with increased milk production are partially due to increases in gluconeogenesis and urea synthesis. Gluconeogenic precursors taken up by the liver are from dietary origin as well as metabolic by-products of peripheral tissue metabolism.
